For identification of three species categorized in Streptococcus anginosus group (SAG), genotyping employing multiplex PCR for detection of species-specific genes has been widely used. We wondered whether possession of the specific genes correlated to differentiation of housekeeping genes, with an attempt to obtain more information on genetic background of clinical isolates of SAG strains and to evaluate reliability of the multiplex PCR. We therefore determined nucleotide sequences of some housekeeping genes of 52 SAG isolates from healthy volunteer to investigate whether the sequences phylogenetically corresponded to the identification by the multiplex PCR. The phylogenetic trees drawn with all of the sequences of 16S rRNA, sodA, groEL and rpoB were found to clearly correlate to species identified by the multiplex PCR. Interestingly, phylogenetic tree drawn only with single housekeeping gene often did not match with the species identified by the multiplex PCR. Our analysis implies even housekeeping genes can have their sequence varieties as independent manner from presence of species-specific genes in SAG strains, and the choice of housekeeping genes for the phylogenetic analyses may result in failure of the species identification.
Introduction
The taxonomy of species in the Streptococcus anginosus group (SAG) has changed many times since Guthof first identified"Streptococcus milleri " for SAG. These species are sometimes misidentified as other pyrogenic streptococci such as Streptococcus pyogenes or Streptococcus dysgalactiae because several SAG strains exhibit b-hemolysis or Lancefield A, C, or G serotypes 1) . At present, SAG is composed of three different species with five subspecies as follows: Streptococcus anginosus (SA), including S. anginosus subsp. anginosus and S. anginosus subsp. whileyi; Streptococcus constellatus (SC), including S. constellatus subsp. constellatus, S. constellatus subsp. pharyngis, and S. constellatus subsp. viborgensis; and Streptococcus intermedius (SI). These species comprise one phylogenetic cluster in the genus Streptococcus 2) . SAG is recognized as a part of the indigenous flora of the oral cavity, upper respiratory tract, gastrointestinal tract, and genitourinary tract. SAG strains have been recognized as important pathogens because of their role in purulent infections such as deep abscesses and pulmonary exacerbations in patients with cystic fibrosis 3) 4) . Furthermore, S. anginosus is frequently isolated from several cancer tissues as the possible carcinogen 5) , and S. intermedius is one of the possible causative agents of primary biliary cirrhosis 6) . Regarding their specific virulence, although it is important to differentiate the species from each other, it is extremely difficult because the phenotypic and genotypic characteristics of SAG species are closely related. Consequently, accurate, rapid, simple, and economical methods to differentiate SAG species are required for epidemiological, ecological, and pathological analyses. The polymerase chain reaction (PCR) method described by Takao is one solution 7) .
This system, which is composed of two PCR steps, namely SAG-specific PCR and species-specific multiplex PCR, is simple, reliable, and accurate. Since whole-genome analyses for SAG strains became available, the target genes using this species-specific PCR (intermedilysin or hyaluronate lyase genes) remain valid 8) . Although the usefulness and effectiveness of the multiplex PCR were shown as above, a concern still remains: since the pathogenicity-related genes are often acquired horizontally 9) , possession of such genes as hyaluronate lyase and intermedilysin of SAG may not be always related to the speciesʼ genetic backgrounds. By contrast, direct sequencing methods using housekeeping genes such as the 16S rRNA gene, sodA, groEL, rpoB, and tuf have been generalized for taxonomic analysis among the streptococcal species 10) . Regardless of the usefulness of genotyping methods using housekeeping genes such as the 16S rRNA gene, incorrect phylogenetic classifications are occasionally obtained for some bacterial species such as SAG strains 11) . One of the reasons is considered to be the low discriminative power of 16S rRNA for closely related species such as SAG strains.
On the other hand, the phylogenetic analysis using the housekeeping genes should nevertheless reflect differentiation pathways of each SAG strain. We therefore wondered why such misidentification occurs upon using sequences of the housekeeping genes, and this question promoted us to determine the nucleotide sequences of several housekeeping genes of clinical isolates of SAG strains in comparison with their phylogenetic classifications by the multiplex PCR. We also expected to check whether the so-called ʻhousekeeping genesʼ were statically retained in a species.
In this study, we found that concatenated phylogenetic tree drawn with sequences of 16S rRNA, sodA, groEL and rpoB genes perfectly matched with classification by multiplex PCR, indicating that both sequencing of the housekeeping genes and the multiplex PCR for species-specific genes are reliable methods for determination of SAG species. In addition, we also noticed that a phylogenetic tree drawn only with sequences of groEL and rpoB genes for RNA polymerase subunit beta was somehow inconsistent with the result determined by the multiplex PCR. Our analysis revealed that there seem mosaic structures in the rpoB genes among SAG strains, which have been presumably generated by multiple times of intra-and interspecies crossovers in the genes, explaining the inconsistency between the rpoB genes sequences and the classification by the multiplex PCR.
Methods

Bacterial isolates and culture conditions
We 
DNA extraction and species identification by multiplex PCR
A single colony was suspended to a McFarland 2.0 standard in 100 ml of Tris-EDTA buffer with 320 U of achromopeptidase (Wako Chemical, Osaka, Japan), and the suspension was incubated at 55 ℃ for 15 min. After centrifugation at 15,000 × g for 5 min, the supernatant was used as the DNA extract for PCR. Clinical strains were identified using SAG group-specific and species-specific PCR systems described by Takao et al 7) .
PCR primers and analyses
Oligonucleotide primers used to amplify fragments of the 16S rRNA gene, rpoB, groEL, and sodA were designed on the basis of conserved sequences identified by aligning the relevant sequences of Streptococcus species obtained from the GenBank nucleotide database. The primers are listed in Table- 1. All PCR mixtures (50 ml) contained 1.25 U of Ex Taq polymerase (TaKaRa, Shiga, Japan), 0.2 mM of dNTPs, 25 pmol of each primer, and 2 ml of a 200-fold dilution of the preparation of the aforementioned template DNA. Amplification was performed with the following parameters: an initial denaturing step at 95 ℃ for 10 min, 30 cycles of denaturing 95 ℃ for 30 s, primer annealing at 62 ℃ for 1 min, and extension at 72 ℃ for 1-4 min depending on the product size, and a final extension step at 72 ℃ for 5 min. The PCR products were analyzed by 1% agarose gel electrophoresis after staining with ethidium bromide.
4.
Sequencing of the 16S rRNA gene, sodA, groEL, and rpoB Amplicons of four housekeeping genes, including partial sequences of rpoB genes used in Figure-4 analyses, were obtained by PCR using primers listed in the Table-1 (partial sequences of rpoB genes used in Figure-4 analyses are also obtained by using corresponding primer sets listed in Table- 5. Phylogenetic analyses of the 16S rRNA gene, sodA, groEL, and rpoB Clustal X software downloaded from http://www. ebi.ac.uk was used to align the sequences for each gene separately and as concatenated sequences in the order 16S rRNA gene, sodA, groEL, and rpoB. Attempting to establish simpler method, we also tested phylogenetic analysis using only one out of the four genes listed above. Phylogenetic analysis by the neighbor-joining algorithm was performed using MEGA version 3. Missing sequences as a result of a lack of a PCR amplification product for genes that may be missing or present in a significantly different sequence variant were dealt with as gaps of the same length. The corresponding parameter of the neighbor-joining algorithm was set at "pairwise deletion."The model used was"nucleotide: Kimura two-parameter."
Criteria for identification based on the sequences of the housekeeping genes
Unequivocal clustering with type and reference strains of SAG in the unrooted phylogenetic tree based on sequences of the housekeeping genes was taken as evidence of conclusive identification of that species. Deviations from this identification based on phylogenetic analysis of single gene loci were recorded.
Results
Identification of clinical isolates of SAG strains
by multiplex PCR and concatenated sequence analysis based on multiple housekeeping genes In order to assess consistency between results of the multiplex PCR employed for species determination of SAG and sequences of their housekeeping genes, we obtained 52 independent isolates of SAG strains from healthy volunteer in National Center for Global Health and Medicine Kohnodai hospital, and performed the multiplex PCR as well as determination of nucleotide sequences of 16S rRNA gene, sodA, groEL, and rpoB genes. The multiplex PCR is designed to detect genes for penicillin-binding protein 2b, hyaluronate lyase, intermedilysin or 16S rRNA. The combination of appeared bands corresponding to individual genes in the gel electrophoresis presumably determines species 7) .
On the other hand, the nucleotide sequences of each housekeeping gene was simply combined as a single text and then used for drawing a phylogenetic tree (we designated this procedure as concatenated sequence analysis) as shown in Figure-1 . The analysis indicated that the results obtained by the multiplex PCR for determination of the SAG species perfectly corresponded to the phylogenetic tree by the concatenated sequence analysis using
Figure-1 Phylogenetic tree based on concatenated sequences
A phylogenetic tree drawn based on concatenated sequences using four housekeeping genes from clinical isolates of 52 Streptococcus anginosus group (SAG) strains together with their type strains completely corresponds to their identification determined by multiplex polymerase chain reaction (PCR). The tree was constructed using the neighbor-joining method. Strains A1-20 were identified as Streptococcus anginosus (SA) by multiplex PCR, strains I1-15 were identified as S. intermedius (SI), and C1-16 were identified as S. constellatus (SC). The type strains were ATCC 33397T for S. anginosus, ATCC 27335T for S. intermedius, ATCC 27823T for S. constellatus. subsp. constellatus, and CCUG 46377 for S. constellatus. subsp. pharyngis.
the housekeeping genes: the strains belonging to three groups of branches derived from the root of the phylogenetic tree were identified as either Streptococcus anginosus (SA, upper part of Figure-1 ), S. constellatus (SC, middle) or S. intermedius (SI, bottom) by the multiplex PCR. This result indicated that the multiplex PCR is effective for identification of SAG species.
Possession of species-specific genes is not always consistent with sequences of housekeeping genes among SAG strains
As described above, employment of 16S rRNA gene, sodA, groEL, and rpoB genes altogether successfully classified the SAG strains. If the number of genes used for the analysis could be reduced, this would help us to establish simpler method. We therefore decided to draw the phylogenetic tree with one of the four genes.
When a phylogenetic tree was drawn based on the groEL sequences, the branching pattern showed good consistency with species determination by the multiplex PCR, although a few exceptions was seen as shown in Figure-2 . This tendency was also seen with 16S rRNA and sodA genes (data not shown). These data and the result shown in Figure-1 suggested that overall genomes of SAG strains showed consistency with the carriage of species-specific genes detectable with the multiplex PCR, however, the consistency was not always the case when focused onto single housekeeping gene. In addition, we noticed that the discrepancy is conspicuous when a phylogenetic tree is drawn with rpoB sequence (Figure-3) . Three S. anginosus strains, or A4, A6 and A20, were grouped under a branch of S. constellatus strains (Figure-3A) when whole rpoB sequences were employed for the phylogenetic analysis, clearly indicating that even a gene indispensable for keeping integrity of a cell can be altered regardless of the presence or absence of species-specific genes. In other words, the genomic backgrounds of a species including socalled housekeeping genes may not be static, but can be altered dynamically. The sequence diversity and subsequent deviation from the species determination by the multiplex PCR became more conspicuous when the sequences between 2401 st and 3000 th of 3567 base pairs of rpoB structural genes from its 5ʼ-termini ( Figure-3B) were used for the phylogenetic tree: among strains identified as S. anginosus by the multiplex PCR, A2, A3, A4, A5, A6 and A17 were clustered into S. constellatus branch of the tree, and A13 was grouped into S. intermedius branch. To our surprise, even ATCC 27335T that is distributed as S. intermedius type strain was seen under branch of S. anginosus. Taken together, both multiplex PCR for detecting species-specific genes and concatenated sequence analysis using multiple housekeeping genes are effective for determination of species, however, employing only one housekeeping gene for identifying SAG species should be avoided due to unexpected sequence varieties occurring in such genes. 
Discussion
There is no doubt that species-identification of clinically isolated bacteria is very important to establish therapeutic strategy of infectious diseases. For this purpose, many procedures have been used depending on target bacteria and/or their pathogenic factors. Multiplex PCR for detecting speciesspecific genes provides species determination with reliable accuracy and easiness, whereas concatenated sequence analysis of housekeeping genes is considered as not only accurate but also informative method for tracing evolutional pathways. However, the reliability of these procedures should be carefully assessed in some species, such as SAG, that has not widely known as pathogens until recent years. Therefore, the information of such species determined by multiplex PCR or concatenated sequence analyses are less available than that of other wellknown bacteria. In that sense, the methods identifying SAG species still requires evaluation on the accuracy of species determination, which promoted us to investigate on relationship between the results obtained by the multiplex PCR and concatenated sequence analyses of the housekeeping genes. As we expected, the results of phylogenetic analysis based on concatenated sequence analysis of four housekeeping genes (16S rRNA, sodA, groEL, and rpoB genes) excellently corresponded to the species identification by multiplex PCR as we indicated above. However, we also noticed that the phylogenetic analyses employing single housekeeping gene or only parts the housekeeping genes showed discrepancy to results of the multiplex PCR, indicating that indiscretion upon choice of housekeeping genes for phylogenetic analyses may lead to misidentification of SAG species. Nevertheless, it is surprising that inconsistency of species determination was often seen between sequences of housekeeping genes and presence of species-specific genes. This means that sequence alteration often occurs even in some housekeeping genes that are indispensable for bacterial growth and therefore generally considered to be stable. Our analysis revealed that the rpoB gene, encoding for an indispensable RNA polymerase subunit, also had sequence variety that might cause misidentification of species when phylogenetic relationship was analyzed with the sequences. We further analyzed to see whether the sequence diversity seen in rpoB gene occurred over whole gene or concentrated to limited domain of the gene. We then divided the whole gene into 600 bp segments and compared them with those of three type or reference strains (Figure-4 , values indicated in % are difference to reference or type strains at the corresponding segments). To our surprise, this analysis illuminated a ʻmosaic structureʼ in rpoB gene. For instance, a fraction of the rpoB sequence between 2401 th and 3000 th of strain A-17, which had been identified as S. anginosus by multiplex PCR, was completely identical to that of S. constellatus subsp. constellatus type strain. In addition, a fraction of other strains (A-4, A-6, and A-20) that had been identified as S. anginosus by multiplex PCR were similar to S. constellatus subsp. constellatus rather than S. anginosus. The reason why the mosaic structure is unknown, however, the fact that the rpoB genes are not closely located to DNA recombinases suggests that the structures are considered to be presumably consequence of multiple times of inter-and intra-species homologous recombination rather than horizontal transfer of the gene. Thus, our analyses strongly suggest that even sequences for housekeeping genes often alter with independent manner from presence of speciesspecific genes. The instability of the housekeeping genes should therefore be noted upon identification of species, and at the same time, this fact gave us a question about appropriateness of current way of bacterial species definition.
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